Abstract: Enhancement of band edge emission of ZnO nanorods up to a factor of 120 times has been observed in the composite consisting of ZnO nanorods and TiO 2 nanoparticles, while the defect emission of ZnO nanorods is quenched to noise level. Through a detailed investigation, it is found that the large enhancement mainly arises from fluorescence resonance energy transfer between the band edge transition of ZnO nanorods and TiO 2 nanoparticles. Our finding opens up new possibilities for the creation of highly efficient solid state emitters.
Introduction
ZnO nanostructures have been extensively studied because of their unique optical properties in the ultraviolet (UV) region and piezoelectric properties. For example, the wide band gap (3.37 eV) and the high excitonic binding energy (60 meV) make its great potential for UV light emitting and laser devices at room temperature [1] [2] [3] . As ZnO material is shrunk to nano-scale, effects of impurity and native defects become much more significant than their bulk counterparts. Especially, due to an inherent large surface-to-volume ratio, surface defects can now play a dominant role in the optoelectronic properties. Therefore, the nano-scale devices face challenges of high efficiency because of a large defect induced loss.
To overcome this obstacle, several methods have been attempted to improve the quantum efficiency of optoelectronic properties of ZnO nanostructures, such as hydrogen doping [4] , annealing [5] , or metal doping/coating [6] [7] [8] [9] [10] [11] . In all of these methods, the underlying mechanisms responsible for the improvement include the passivation of defects by doped atoms, such as H, N, O, or metals, and the carrier transfer due to a larger band gap of the coating semiconductor. In this paper, we provide a different approach with the physical principle based on fluorescence resonance energy transfer (FRET). FRET is an important phenomenon existing in many biological systems [12] . It depends on the distance between the electronic excited states of two molecules in which excitation is transferred from a donor to an acceptor. The most important factors for the occurrence of FRET include: (1) Donor and acceptor have to be in close proximity. ( 2) The absorption of acceptor has to overlap with the fluorescence spectrum of donor. (3) Donor and acceptor transition dipole orientations should contain a parallel component [12] . In order to illustrate our working principle, the composite consisting of ZnO nanorods and TiO 2 nanoparticles has been fabricated and studied.
TiO 2 has been widely used in photocatalysts, solar cells, and cosmetics due to it's photosensitivity and thermal stability [13] [14] [15] . The strong absorption in the UV range around 3.3 eV is well feasible for the occurrence of FRET when compounded with ZnO nanorods. Quite interestingly, based on the composite of ZnO nanorods and TiO 2 nanoparticles, the band edge emission of ZnO nanorods can be enhanced up to 120 times. Our approach may serve as a general strategy for many other nanocomposites to create highly efficient solid state emitters.
Experiment
The detailed growth of ZnO nanorods by vapor-liquid-solid (VLS) process has been described in our previous reports [3, 10] . After the ZnO nanorods were grown, TiO 2 nanoparticles were prepared by using a sputtering system (JFC-1600, JEOL). Photoluminescence (PL) spectra were excited by a 325 nm He-Cd laser, and a photomultiplier tube (PMT) was used as a detector. Photoluminescence excitation (PLE) spectra were performed by using a Jobin Yvon Fluorolog 3 spectroscope. Cathodoluminescence (CL) signal was obtained using a Gatan MonoCL3 system with an electron acceleration voltage at 5 keV. Raman scattering spectrum was measured by a Jobin Yvon T64000 spectroscope with spectral resolution of 2 cm -1 . Figure 1 shows SEM images, PL and CL spectra of ZnO nanorods with and without TiO 2 nanoparticles. As shown in Fig. 1(a) , at the top end of the ZnO nanorod, there exists a hemisphere Au catalyst, and the small spots on the surface of ZnO nanorod shown in Fig. 1(b) represent the deposited TiO 2 nanoparticles. Quite remarkably, before ZnO nanorods were compounded with TiO 2 nanoparticles, the spectra consist of a weak band edge UV emission at 3.26 eV, and a relatively strong defect emission at 2.48 eV due to oxygen vacancy and zinc interstitials [3, 6] . After ZnO nanorods were compounded with TiO 2 nanoparticles, we can see that the defect emission in both of the CL and PL spectra was dramatically decreased, while the band edge emission was greatly enhanced. In order to have a more detailed understanding of the influence of TiO 2 nanoparticles, the TiO 2 coating time dependence of the PL intensity ratio between the band edge and defect emissions was investigated as shown in Fig. 2 . With increasing TiO 2 coating time, the PL enhancement factor of the band edge emission can be increased up to 120 times, while the defect emission can be suppressed to noise level. To clarify the PL enhancement mechanism in ZnO nanorods, the characteristic of TiO 2 nanoparticles was examined by Raman scattering, PL, and PLE spectra. Raman scattering spectrum shown in Fig. 3 clearly identifies the anatase phase of the deposited TiO 2 nanoparticles on the basis of its Raman band at 144 cm -1 of E g mode [16] . Here, the E g mode corresponds to O-Ti-O bending type vibration. The absence of other peaks characterized rutile and brookite phases suggests that the deposited TiO 2 has a pure anatase phase. In addition, Fig.  4(a) gives the corresponding PL and PLE spectra, in which the emission band at 3.4 ± 0.2 eV is related to the band edge emission of anatase phase of TiO 2 [13, 15] . The blue shift of the emission from the band gap energy of 3.2 eV of anatase TiO 2 is possiblely due to the quantum confinement of TiO 2 nanoparticles. As shown in the SEM image of Fig. 4(b) , the diameter of TiO 2 nanoparticles deposited on Si (100) with a coating time of 700 s is less than 10 nm. It is worth noting that the emission band of TiO 2 nanoparticles covers the full spectrum of the band edge emission of ZnO nanorods. The PLE spectrum of TiO 2 nanoparticles shows a wide and strong absorption at the UV range from 3.6 eV to 5 eV with peaks at 4.1 eV and 4.5 eV. After TiO 2 nanoparticles were deposited on ZnO nanorods, the PLE spectrum of ZnO nanorods-TiO 2 composites monitored at 3.25 eV of the band edge emission of ZnO nanorods exhibits a broad and strong absorption in the UV range as shown in Fig. 5(a) . The absorption spectrum has two peaks around 4.1 eV and 4.5 eV, which are similar to that of pure TiO 2 nanoparticles, as shown in Fig. 4 . It indicates that the dominant contribution of the band edge emission in ZnO nanorods mainly arises from the absorption in TiO 2 nanoparticles. On the contrary, the PLE spectrum of ZnO nanorods-TiO 2 composites monitored at 2.48 eV of the defect emission of ZnO nanorods shows a quenched signal after the deposition of TiO 2 nanoparticles. Particularly, as shown by the dashed line, when the excitation photon energy is lower than 3.40 eV, the defect emission is weak, but still detectable. However, after the excitation energy exceeds the band gap energy (3.40 eV) of TiO 2 nanoparticles, the defect emission of ZnO nanorods completely disappears. This intriguing behavior implies that after relaxing to the band edge, the excited electrons and holes in TiO 2 nanoparticles directly contribute to the band edge emission of ZnO nanorods without passing through the defect channel. It therefore can be used to exclude the possibility that the carrier transfer from TiO 2 nanoparticles to ZnO nanorods is responsible for the observed enhancement.
Results and discussions
The above results can be well interpreted if we adapt the optical process based on the intrinsic properties of FRET. In order to have a clear physical picture of the FRET process, a band alignment diagram is shown in Fig. 6 [17, 18] . The conduction and valence band edges of ZnO are located at -0.2 V and 3.0 V vs normal hydrogen electrode (NHE), respectively [17, 18] . Both energy positions are well covered by the broad band edge of TiO 2 nanoparticles. Thus, after the excitation of electron-hole pairs in TiO 2 nanoparticles, through the resonance effect, the energy is easily transferred to ZnO nanorods, and the band edge emission of ZnO nanorods is greatly enhanced. Because the resonance condition is only satisfied by the band edge emission and the incident photon energy is fully utilized through the band edge recombination, the defect emission is therefore reduced to noise level. When the incident photon energy is below the band gap energy of TiO 2 nanoparticles, the excited electron-hole pairs are created in ZnO nanorods, as usual, they can recombine through the band edge as well defect states, and the defect emission is observable as shown in Fig. 5(b) . Therefore, we can see that based on the FRET process, all of the above intriguing results can be well accounted for. Finally, we like to point out that except the FRET process mentioned here, it is possible that surface passivation due to TiO 2 nanoparticles may partially contribute to the enhanced band edge emission and the suppressed defect emission. However, it does not play a decisive role, because according to our measurement the enhanced band edge emission in ZnO nanorods mainly arises from the absorption in TiO 2 nanoparticles as shown in Fig. 5 . Fig. 6 . Energy band alignment of ZnO/TiO 2 composite. As these two materials are brought together through the resonance effect, the excited electron-hole pairs in TiO 2 nanoparticles can easily transfer their energy into ZnO nanorods and contribute to the band edge emission.
Conclusion
It is found that based on the composite of ZnO nanorods and TiO 2 nanoparticles, the band gap emission of ZnO nanorods can be enhanced up to 120 times, while the defect emission can be suppressed to noise level. We demonstrate that the underlying mechanism responsible for the enhancement arises from the FRET process, which is a well known phenomenon in many biological systems. It is believed that our approach can be used as a general strategy for many other nanocomposites to create highly efficient solid state emitters.
